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RESEARCH MEMORANDUM

A CORRELATION OF ATIRFOIT, SECTION DATA WITH THE
AERODYNAMIC LOADS MEASURED ON A 45°
SWEPTBACK WING MODEL AT SUBSONIC
MACH NUMBERS

By Herold J. Walker and Willism C. Maillard
SUMMARY

An investigation has been made of the possibility of correlatlng
airfoil section data with measured pressure distributionsg over = 45
sweptback wing in the Mach number range from 0.50 to 0.95 at a free-stream
Reynolds number of spproximastely 2 miliion. The wing had an aspect ratio
of 5.5, a teper ratio of 0.53, NACA 64A0LO sections normal tc the guarter-
chord line, and was mounted on a slender hbody of revolution.

At Mach numbers of 0.85 and below, and for wing normal-force coef-
ficients below the meximum normal-force coefficient for an infinite-
aspect-ratioc wing yawed 45° to the flow (derived from airfoil section
data by simple sweep relatiomns), good correlation was obtained over most
of the wing between wing-section and two-dimensionsl-alrfoll pressure
distributions., For greater normei-force coefficients lateral boundary-
layer flow permitted the inboard wing sections to rise to high maximum
section normal-force coefficienta. The effectiveness of this lateral
boundary-layer flow disappeared towards the tip. For all Mach numbers,
the influence of plan-form effects on the pressure distributions limited
the quality of the correlstion at the 20- and 95-percent-gsemispan stations.
Above a Mach number of about 0.85 the shock waves orlginating at the
Juncture of the body and the wing trailing edge spread over the span,
preventing further epplicastlon of two-dimensional data.

The spanwise load distributions at moderate normal-~force coefficients
could be predicted from span-loading theory for the entire Mach number
range of the tests.
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INTRODUCTION

It is commonly assumed in the prediction of wing loading that the
sectlions of finite-span wings have essentlally the seme chordwise load
distributions &s the corresponding profile in two-dimensional flow, and
that the spanwilise and chordwise load distributions mey be treated inde-
pendently. The validity of these assumptions bhas been amply confirmed
in applications to unswept wings st low speeds‘(see, e.g., ref, 1), In
reference 2, span-loading theory and experimental two-dimensional section
data are shown to be applicable to a limited extent at low speeds in pre~
dicting the spanwise and chordwilse load distributions on a 45° swept wing
of aspect ratic 6., It was thought that this method could be used in the
prediction of load dlstributions at high subsonic speed.

In the present investigation of a model similar In conflgurstionm to
that of reference 2, comparisons are made between the chordwise pressure
digtributions for a two~dimenslonal airfoll section and those for several
stations on a 45° sweptback wing to establish limits of Mach mumber and
1ift coefficient for whilch sstlsfactory correlations can be obtained,

The profile of the two-dimensional airfoil section employed and the pro-
file of the swept wing in planes normal to 1ts quarter<chord line are the
seme. The extent to which present theoretical methods permit the calcu-
lation of the effects of finite span on the magnitudes of the section
lcads is also shown. The varlations of the chordwise and spanwise load
distributions with 1ift coefficlent and Mach number beyond the limite

for good correlation are discussed with regard to the effects of flow
gseparation. - o . -

NOTATION
A aspect ratio
c local chord parallel to plane of symmetry
_ [ye2an
e wing mean aerodynamic chord,
Joe an

Cav average wlng chord, L:c dn

section 1ift
qc

cy gection 1ift coefficient,

IDENTIAL
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€l
Cn
Ac

Ay

C.Po

Cp

cr

section lift-curvg gslope R

normal force

section normel~force coefficient, —~
qc

body~-induced increment of section lift-curve slope

local center of pressure

drag coefficient, dreg
as
1ift

1ift coefficient,
gs

1lift-curve slope

pitching-moment coefficient about quarter-chord point of mean

itehing moment
aerodynamic chord L
7 aSt

normal force
gsS

normal-force coefficient,

normal~force~-curve slope

free~stream Mach number
free-strean static pressure

local static pressure

P; - B
pressure coefficient, ———————

lower—gurface pressure coefficient minmis upper-surface pressure
coefficient

local critical pressure coefficient

free-gtream dynemic pressure
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r body radius
R Reynolds number
g wing semispan
] wing area - iy
b4 longitudinel coordinate _
y leteral coordiﬁaﬁe”' ~ )
a angle of attack
Qg local section angle of atfack, méésuréd pﬁfailel éﬁ plane of
symmetry
oy uncorrected angle of attack
) fraction of semlspan, %
A sweep angle of wing quarter-chord line
Subscrlipt
A yawed flow

APPARATUS, TESTS, AND CORRECTIONS

The model used in this Investigation conslsted of a steel sweptback
wing mounted on & slender body of revolutlon as shown in figures 1 and 2.
The wing had 45° of swespback st the quarter-chord line, was untwisted,
and had an aspect ratic of 5.5, a taper ratio of 0.53, and NACA 64A0LO
alyfoll sectione 1n planes perperdicular to the quarter-chard line. Five
rows of upper- and lower-surface static~pressure orifices (identified in
flgure 1 by the location of their intersectiopms with the gquarter~chord
line) were employed toc measure the loads on the wing. The three rows of

40
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orifices near the wing mid-semispan were placed perpendicular Lo the
quarter-chord line (as in ref. 2) with the expectation that this region
of the wing, in accordance with the theory of sweep (refs. 3 and h),
would bebave as a yawed infinite wing.

In order to show more clearly the three-~dimensional influence on the
loadings nesr the root and tip, the rows of orifices In these regions were
oriented parsllel to the free-stream direction.t The body contained a
row of upper- and lower-surface orifices whlch extended a short distance
beyond the region of the wing-body Jjuncture in the vertical plane of
symietry of the model.

The pressure distribution and the 1lift, drag, and pitching moment
for this swept-wing model were measured in the Ames 16~foot high-speed
wind tunnel at Mach numbers from 0.50 to 0.95 and angles of attack from
-1° to a maximum of spproximately 20°. For these tests the Reynolds num-
bers based on the mean aercdynamic chord and the free-stream Mach number
varied from 1.9 to 2.5 milliion, as shown in figure 3(&). Also shown in
figure 3(a) is a plot of the wvariation with free-stream Mach number of
the Reynolds number based on the component of the free-stream velocity
perpendicular to the quarter-chord 1line and on the chord perpendicular to
the quarter-~chord line at the intersection of the mean serodynemic chord
and the guarter-chord line.

Two-dimensional pressure-distribution data for use in the correla-
tions were obtained in the Ames 1~ by 3-1/2—foot high-speed wind tunnel
at Mach numbers from 0.30 to 0.70. These tests were made at three Reynolds
numbersg to encompess the variation in Reynolds number from root to tip of
the tapered swept wing. Two of the models were of constant 3- and &-inch
chord and NACA 64A010 profile. The third model consisted of one panel of
the swept wing mounted with its quarter-chord line perpendicular to the
free stream, Only the orifices at the 60-percent-semispsn station
(4.40-inch chord) were used in this test. All three models spanned the
1-foot dimension of the tunnel. The varilation of Reynolds number with
Mach number for these models is shown in figure 3(b). Examinstion of the
pressure distributions for these three models indicated no significant
variation with Reynolds mmber; hence, only the digtributions for the
6-inch-chord model (reported in ref, 5) are used in the comparisons which
Tollow.

A1l the data presented have been corrected for the effects of wind-
tunnel-wall interference by the methods of references 6, 7, and 8.

ton a yawed infinite wing the orientastion of the reference chord
along which the orifices are locsted has no effect on the pressure dis-
tribution, Taper, however, introduces a small percentagewlse variation
in the location of the pressure orifices depending on the reference chord
used. This verietion has beexn neglected in the followlng discussion.
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METHOD OF ANATYSIS

In studying wing loadings 1t is convenlent to consider separstely
the chordwise distribution of load and the maghitude of the section loads.
Accordingly, the measured chordwlse pressure distributions for the wing
are compared at equal normal-force coefficients wilth the pressure distri-~
butions obtained from two-dimensional tests so as to show the correlstion
between the two- and three~dimensional pressure distributions without
involvlng the accuracy of a span~loading theory. Following this chordwise-~
loeding phase of the analysis, comparlisons are made between measured sec-
tion normal-force-curve slopes and calculated section lift-curve slopes,
between measured and calculated span load distributions, and between mess-
ured and calculated wing-plus-body lift-curve slopes, to determine the
extent to which the magnltudes of the section loasds can be calculated.

Accordlng to the theory of sweep for the flow over a yawed infinite
wing, only the component of the free-stream veloclty irn a plane perpen-
dicular to the leadlng edge is effective 1in prcoducing 1ift (see ref. 3).
Thus, the yawed infinite wing should have a pressure distribution like
that of an unyawed Infinite wing, provided that the Mach number, Reynolds
number , airfoil section, and normal-force coefficient all perpendicular
to the leading edge are the same in both cases. The pressure coefficients
and normal-force coefflcients for a yawed wing, however, are usually based
on the free-stream velocity and consequently differ from the corresponding
coefficlents for an unyawed wing for which the coefficients are based on
the velocilty perpendicular to the leading edge. Accordingly, in the cor=-
relations which follow, two-dimensiomnal pressure distributions {(infinite-
aspect-ratio, zero-sweep wing) are converted to those expected on a yawed
infinite-aspect-ratic wing. The steps employed in this converslon are as
follows: TFirst, the section normsl-force coefficient for the yawed wing,
an, is used in the followlng expression to find the appropriate two-

dimensional normel-force coefficient, npa-0

cny
®Bp=0 T cos2A

Then the two-dimensional pressure coefficients, P,_g, for this normal-
force coefficient are determined for a Mach nmumber governed by

MA=O = MACOS A

These pressure-coefficient values then must be converted to the reference
dynamic pressure for the yawed wing by the relation

= 2
BA = EA=ocos.A

=)
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The ahove expresslon indicates that a yawed infinite wing should
reach a maximum normal-force coefficient given by

2
Cnma cos"A
( x)A:O

In the subsequent comparisons, pressure distributions for the yawed
infinite wing are obtained from two-dimensional-airfoil section data (des-
ignated experimental infinite wing) and from theoretical two-dimensional-
airfoil pressure distributions (designated theoretical infinite wing).

The theoretical pressure distributions were obtained by the method of

mnaTrT Fanvrn
velocity superposition described in reference 9, using the values from

reference 10 and inecluding the Prandtl-Glauert correction for the effect
of compregsibility.

Even at those stations where the orifices were located streamwise,
both the theoretical and experimental two-dimensional pressure distribu-
tions were converted to yawed flow before comparison with the values for
the finite wing.2 '

The section 1i1ft curves expected for a yawed infinite wing are

‘obtained from two-dimensional section 1lift curves by suitebly adjusting

the lift-coefficient and angle~of-attack scales. The lift-coefficlent
scale is changed to account for the difference between the velocity in

the free-stream direction and in the plane normal to the leading edge.

The angle-of-attack scale is changed to account for the difference between
the angle of attack measured from the free-stream directlion and the angle
of attack measured from the directlon of the component of the free-stream
velocity perpendiculsr to the leading edge. The changes are made by means
of the following expressions:

Gy = CpA_QCOS A

2
c =c COS“A
Iy~ Tl=0
Finally, in order to account for the effects of finite aspect ratio, the

angle-of-attack scales of the sectlon 1ift curves for the yawed infinite-
aspect-ratio wing were stretched slightly so that these 1ift-curve slopes

2ps was pointed out earlier, in the sbsence of end effects, on a
swept wilng with only slight taper it mekes 1ittle difference whether the
orilfices are located along a streamwise section or along one perpendicular
to the quarter-chord line. However, the predicted yawed-infinite-wing
pressure distributions obtained from two-dimengionsl dete must be taken
for the section, Mach mumber, and normal-force coefficient perpendicular
to the quarter-chord line or they are of little value.




NACA RM A55C08

at zero 1ift matched: the local slopes calculated from span-loading theory
for the finite-aspect-ratio swept wing. The section lift-curve slopes
for the finite-aspect-ratio swept wing, czm, were obtained from the cal-

culated values of span loading coefficient, (CZC)/(CLCav), and wing-body
lift-curve slope, CL@’ using the following expression:

0 = 2l(3) (i)

Both the lift-curve slope and the span loading coefficlents for the
wlng alone were calculated by the method of reference 11, Appendixes A
and B glve the detallsa of how these calculated values were modified to
include the effects of the presence of the body and of aerocelasticity on
the wing loading,

RESULTS AND DISCUSSION

The discussion of the results of this lnvestigation is divided into
three parts. The first part ls concerned with the correlation between the
dietributlons of chordwise pressure obtained on the swept-wing model and
those expected on gn infinilte-aspect-ratio wing yawed at the sweep angle
of the finlte wing and operatling at the same section 1lift coefflcient.

The second part of the discussion treats the agecuracy with which the mag-
nitudes of the section loads can . be predicted. This involves predicting
the sectlon lift-curve slopes, the spanwise load distribution, and the
wing-plug-body lift-curve slope. The third part of the discussion deals
with the wing-plus-body 1ift, drag, and pltching~moment characteristics.

The measured surface pressures are presented in tebular form as
pressure coefficients. Table I is an index to these data which are pre-
sented in tables II through VIII. The pressure coefficlients for the ori-
fices slong the body sre included in these tebles but are not used in the
discusgsion that follows.

Correlation of Chordwlse Pressure Distributions

Suberitical Mach number range,- In figure 4 the pressure distribu-
tions for five semlspan statlons of the swept wing are compared with those
for a yawed infinite wing at a representatlve subcritical Mach number of
0.70 and for normal-force coefficients between 0.2 and 0.8. The pressure
distributions designated finilte wing are those which were measured on the

S IDENT IAL
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swept wing, while those deaignated infinite-wing experiment or infinite-
wing theory are those to be expected on a yawed infinite-aspect-ratio
wing using, respectively, experimental two-dimensionael or theoretical
two-dimensional pressure distributions as described previously in the
Method of Analysis sectlon. The critical pressure coefficients shown in
figure & (as well as the calculated stagnation pressure coefficients used
to aid in fairing the finite-wing pressure distributions) were obtained
from expressions given in reference U, assuming that the iscbars are
swept 45°. Also included in figure 4 are sketches of the upper-surface
iscobars to aid In visualizing the pressure distribution over the wing.

ormgl=force coefficients of 0.203 (fig. 4(a)) and 0.363

(fig. 4( the correlation between the pressure distributions for the
finite~ and infinite-span wings at the 40-, 60-, and 80-percent-semispan
stations is good. At the 20-percent-semlspen statlion the loading is
shifted slightly rearward with respect to that for the Infinite wing,
while at the 95-percent-semispan station the loading is shifted forward.
These shifts In loading, sometimes referred to as induced camber, are
typical of swept wings and have been treated by Kuchemann (ref. 12) and
Falkner (ref. 13).

o B

For normel-force coefficients slightly greater than 0.36, the finite-
wing pressure distributions begin to show evidence of local flow separation
(starting near the leading edge) which prevents Ffurther good correlatian.
However, at the 20-percent-semispan station the measured pressure dis-
tributions for normsl-force coefficients of O. hgs (fig. k(e)), 0.564
(fig. 4(d)), and 0.639 (fig. k(e)) are in fair agreement with theoretical
yawed-infinite-wing pressure distributions. The experimental (but not the
theoretical) infinite wing reaches a maximm section normsl-force coeffi-
cient of sbout 0.38. Thus, there sre no experimental infinite-wing pres-
sure distributions availaeble for the swept-wing section normal-force
coefficients shown in figures L(e) through 4(h). Here the experimental
infinite-wing pressure distributions shown are for an angle of attack
slightly greater than the angle for maximm normel-force coefflclent,

The NACA 6%A010 airfoil section was described in reference 14 as the
type in which the flow separated near the leading edge but reattached
farther back, causing partisl recovery of the free-stream pressure beyond
the point of reattachment., It is expected that on a yawed infinite wing
the flow would separate In the same marmerx, leaving & tube of secondary
flow in which the air moves spanwise. At the tip of a finite-aspect-
ratio wing this tube of secondary flow would spresd out chordwise and
spill off the trailing edge of the wing. Such an effect has been fre-
quently observed experimentally on swept wings with relatively sharp
leading edges, and is sometimes designated leading-edge-vortex flow (see
ref. 15).

The pressure distributions for a normal-force coefficient of 0.495
which is sbove the experimental infinite wing cy __, (fig. 4(c)) indicate

- T TOERTA)
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that there is one leading-edge vortex, originating st the inboard sectlions
and sweeping off the wing beyond the 60-percent-semispan station, followed
by e second leading-edge vortex beginning nesr the 60-percent-semlspan
station., At higher normal-force coefficients there is also evidence of
two leading-edge vortices. The possibility of more than one leading-edge
vortex on the same wing panel I8 strongly Iindicated in boundary-layer
studies reported 1n reference 16.

The pressure distributions for the finite wing at Mach number 0.70
are summerized 1n figure 5 (including severel angles of attack not shown
in figure 4). Those designated by N show no evidence of flow separation,
those designated S ghow évidence of extenslve flow separation, whereas
the undesignated Iintermediate distributions In general show evidence of
leading-edge-vortex-type flow. The heavy so0lilid line is the boundary below
which all the local normal-~force coefficients are less than the maximum
normal~force coefficlent for the experimental yawed infinite wing. Beyond
this line, of course, experimenltal two-dimensional loadings cannot be used
to predict the loading on the finite wing. However, 1ln some cases, the
theoretical infihite-wing pressure distributlions give good correlation to
higher normal-force coefficients, as was shown In figure L4, The heavy
dotted line in figure 5 gives the limit of good correlation (provided that
theoretical infinite-wing pressure distributions are used for normsal-force
coefficlients at which the experimental infinite-wing pressgure distribu-
tions do not exist). It should be noted that the sbove boundaries indi-
cated by the two heavy lines nearly colnclde with the first indications
of flow separation at the 40-, 60-, and 80-percent-semispan stations.

Critical Mach number range.~ Correlation of the pressure distributions
at. a Mach number of 0.85 is shown in figure 6 for normal-force coefficlents
between 0.18 and 0.72. It can be seen that the criltical pressure coeffi-
cient is attained at a wing normal-force coefficient of about 0.18. The
pressure distributions at this Mach number still show the same trepnds as
those at Mach number 0.70. For normal-force coefficients of 0.184 and
0.339, the correlation between the infinite- and finite-span distributlons
at the 40-, 60-, and 80-percent-gemispan stations is good. The ischars
and finite-wing pressure distributions at normal-force coefficiente of .
0.605, 0.691, and 0,724 show evidence of one or two leading-edge vortices.
The correlatlion at the 20- and 95-percent-semispan stations is poor at
all the normal-force coefficients shown in figure 6. In tems of pressure
distribution, the prime reasonh far the poor correlation at the Z20-perceént-
semigpan statlion is the presence of a hump in the pressure distribution
over the rear portion of the section (not present at the lower Mach
numbers). For 1ift ccefficients low enough so that shock waves are not
present over the rear part of the chord, the existance of thie hump 1s
qualitatively expleined by a comblnation of two effects: first, the varia-
tion of the zero-lift pressure dlstribution with Mach number as discussed
by R. B. Jones in reference 17 for sharp-edged alrfcils and, second, the
rearward shift in the_dilstribution of additional 1lift due to the increase
in induced camber with Masch number,

—
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Since the isobars curve considersbly in gome areas, the velue shown
for the critical pressure coefficient is only approximaste. At the 20-
percent-semispan station for normel-force coefficients of 0.605, 0.691,
and 0. 724 the sweep of the isobars near the leading edge 18 greater than
45 ; thus, the critical pressure coefficient should be more negative than
shown, whereas over the rear of the chord the reverse is true., Therefore,
the upper-surface pressure rises through the critical value twice,

The pressure distributions for Mach number O. 85 are summarized in
figure 7 (ihcluding several angles of attack not shown in figure 6). It
is seen that correlation (broken line) is never good at the 20- and 95-
percent-semispan stations, while correlation is good up to the 1limit of
the experimental two-dimensional dete (solid line) at the intermediate
stations.

Supercritical Mach pumber range.- Figure 8 shows the isobars and the
correlation of the pressure distributions for the extensive supercritical
flow at Mach number 0.95. There is no correlation at any of the stations
between the pressure distributions for the finite wing and those measured
for the infinite wing. The humping of the pressure distribution at the
20-percent-semispan station has increased with Mach number and has spread
outboard to approximetely the 60-percent-semispan station. The cloge
grouping of the isobars at all the normal-force coefflclents shown in
figure 8 indicates that a shock extende out .from the Juncture of the body
with the wing tralling edge. The finite-wing pressure distributions shown
in figure 8, together with those for several intermediate values of angles
of attack, are summarized in figure 9. This summary of pressure distri-
butions at Msch number 0.95 shows no region of good correldtion in con-
trast)to the corresponding summsries at Mach numbers 0.70 and O. 8 (figs. 5
and 7

Limits for good correlstion.- The experimental pressure distributions
are summarized in figure 10 for each of the five stations on the wing at
seven Mach numbers between 0.50 and 0.95 to show the variation with Mach
number of the boundaries shown previously in the summery plots for Mach
numbers 0.70, 0.85, and 0.95. It is of interest to note in figure 10 that
the limit of good prediction, the yawed infinite wing cnp,y, and the
first indicetions of flow separation nearly coinclide at the 40-, 60-, and
80-percent-semispan stations. That is, the swept-wing pressure distribu-
tions for normal-force coeffilcients below the meximum for the experimental
yvawed infinite wing are in good sgreement with the two-dimensional distri-
butions except near the root and tips. Tn general, above this maximum
the pressure distributions show evidence of leading-edge vortices. Since
the leading-edge vortex is small in extent at the inboard statlions, the
1imit for good correlation (with the theoretical pressure distributions)
st the 20-percent-semispan station extends well sbove the maximm normsl-
force coefficient for the experimental yawed. infinite wing st Mach num-
bers below 0.80., However, the root and tip effects spread rapidly with

T AL
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increasing Mach number; hence, the limits for good correlation at the 20~

and 95-percent-semispan stations ‘oecur at iower Mach nuﬁbérs than at the
intermedlate stations. :

At the higher subsonic Mach numbers, a shock wave originating at the
Juncture of the wing trailing edge and the body spreads over most of the
wing, thus precluding further use of two-dimenslonal-alrfoil section data.
Since this shock wave will be present until the trailling edge becomes
supersonic. (this occurs at a Mach number of 1.30 for the configuration of
the present report), it 18 expected that its inlitial appearance marks the
Mach number 1limit at which two-dimensional data can be expected to give
good correlation. "

Correlation of Magnitudes of Section Loads

The magnitudes of the sectlon loads for the swept wilng as glven by
the experimental section normal-force curves obtained from integrated
pressure distributiony are shown by the solid llne in figure 11. The
dashed curves are the section 1lift curves® obtalned using experimental
two~dimenslonal 1ift curves and the calculated sectlon lift-curve slopes
in the manner described in the Method of Analysis section. The peaks of
the dashed 1ift cuives do not match those of the experimental normal-force
curves, but the calculated and experimental slopes at zero 1ift match
quite well for Mach numbers below 0.85. For a Mach number of 0.85, the
calculated slopes underestimate the measured slapes at zero 1lift by an-
amount which is approximately the same for all stations. With increasing

Mach number, this differemce between calculated and measured slopes becomes

greater, but at a given Mach number it remains nearly constant across the
span. This means that in terms of wing-body 1ift coefficient the magni-
tude of the section loads can be predicted gquite well, as wlll be seen
agein In the plots of span load distribution. However, the prediction of
wing-body lift-curve slope will be poor at the higher Mach numbers.

The maximum 1ift coefficients of the two-dimensional data are of
value in determining the maximum section normal-force coefficients nesr
the tip as well as the limiting normal-force coefficient for good corre-
lation of chordwise pressure distributions. This was shown previously in
the present report and in reference 2. The considerable increase Iin mex-
imum normal-force coefficlient toward the wing root 1s attributed mainly
to the lateral flow in the boundary layer both inside and outside of the
leading-edge vortex which acts to remove the low-energy air fraom the
inboard wing sections: The influence of this lateral flow decreases
from root to tip.

3The messured curvés in figure 11 are normasl-force curves rather
than 1ift curves. For the angles of attack involved, it is believed that
the dilfference between normsl force and 1lift is inslgnificant.
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In figure 11 the experimental swept-wing section centers of pressure
are also compared with the experimental yawed-infinite-wing centers of
pressure.* The magnitude of the induced camber effect nesr the root asnd
tips is indicated by the differences shown in the center-of-pressure
curves.

In obtaining the span loading coefficients, the method of reference 11
was used to get the coefficients for the wing alone. The effects of the
presence of the body and of elastic deformatlon on the span loading for
the wing were determined by the methods described in Appendixes A and B
and are illustrated 1n figures 12 and 13. The resultant span-loading
coefficients are seen in figure 1L to be in good agreement with the exper-
imental results until the loading coefficients at the outer sections begin
to diminish with increasing angle of attack. This relative loss in load-
ing at the outer sections occurs at a wing-body 1ift coefficient slightly
grester than the yeswed-infinite-wing maximum 1ift coefficient. It 1is
accompanied by an inboard shift of the lateral center of load. Thus, for
this wing at high 1ift coefficients, theory would underestimate the inboard
section loads and overestimate the root bending moment.

Wing~-Body Characteristics

The 1ift, pitching-moment, and drag characteristics for the wing-
body model as measured by force tests are shown in figure 15. For all
the Mach numbers tested, the 1lift curves rise to values well above the
yawed-infinite-wing maximum 1ift coefficient of approximately 0.38. The
section normal-force curves of figure 11 indicate that the meximum normal-
force coefficient for the 95-percent~semispen station is only slightly
above that for the yawed infinite wing. The normal-force curves for the
inboard sections rise to higher maximms, end have slopes which increase
wlth increasing angle of atitack. The increase in slope tends to compen-
sate for the relative loss in 1ift at the outbosrd sections, so that the
wing-body 1lift curves of figure 15(a) remain nesrly linear to lift coef-
ficients considerably above the maximm for the yawed infinite wing. The
bending over of the wing-body 1ift curves, where shown, is gradual, as
would be expected from the slow rate at which the stall progresses inboard
with increasing angle of attack.

Calculated lift-curve slopes for the wing-body combination are shown
as dashed lines in figure 15(a), and the variation with Mach number of
the calculated lift-curve slopes 1s compared with the experimental values
in figure 16. The method of reference 11 was employed to calculate the

“These infinite-wing center-of-pressure curves were obtained by
ad justing the lift-coefficlent scales of these data, using the expression
given in the Method of Analysis section.
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lift-curve slope for the wing alone. The methods described in Appendixes A

and, B were utilized 4o include the effects of wing-body interference and
elastic deformation of the wing. For Mach numbers below 0.80, these cal-
culations give a fairly good, although low, estimate of the lift-curve
slope. For Mach numbers above 0,85, however, the calculations underesti-
mate the llft-curve slope by an incresgingly large amount. This was indi-
cated previocusly 1n figure 11, where at any one of the higher Mach numbers
the lift-curve slopes for all the sections were underestimated by about
the same percentage.

The wing-body pitching-moment curves of figure 15(3), in general, are
linear up to the yawed-infinlte-wing maximum 11ift coefficient. Above this
lift coefficient, the pitching-moment curves for the three lowest Mach
numbers show unstable breaks even though the 1ift curves are linear to
higher 1ift ccoefficients. This results because both the lncrease in
normal-force-curve slope with angle of attack at the inboard sections and
the approach to the maximum sectlon normal~force coefficient at the out-
board sections tend to produce more positive pitching mcments, rather
than to compensste for each other as in the 1ift case.

For Mach numbers of 0.85 and over, the unstable break in the pitching-
moment curves of figure 15(a) is delayed to a higher value of 1ift coef-
ficient than for the lower Mach numbers, This behavior may be explained
by referring back to figure 11, where the normel-force curves for the
80-percent-semispan station reach higher maximum values for Mach numbers
of 0.85 and over than: for Mech numbers below 0.85. The sbrupt increase
in the slopes of the nocrmel-force curves nesr their maximums for the 80~
and 90-percent-semispan stations at the three highest Mach numbers tends
to produce the negative shifts seen in the pitching-moment curves,

The measured wing-body drag characteristics are shown by the solid
line in figure 15(b). A lower bound for the drag, given by the sum of
the measured drag at zero lift and the calculated induced drag for an
elliptical span load distribution, is shown by the short dashed line. The
long dashed line shows the drag expected in the gbsence of leading-edge
suction (actually in the absence of any chord forCe) Below the yawed-
infinite-wing maximum 1ift coefficient, about 60 percent of the possible
leading~edge suction 1s realized. Above this 1ift coefficlent, the drag
coefficient incresses rapidly as expected gince this is approximately the

CONCLUSICNS

From the faregoing comparisons of the experimental chordwise and
spanwise load distributions for the 45° gweptback wing model with those
predicted from two-dimensional data and span-loading theory, the following
conclusions may be drawn:
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l., Airfoll section data are in reasonable agreement with measured
chordwise load distributions for 1ift coefficlents below a limiting value
approximately equal to the maximum 1ift coefficlent for the yawed infinite~
aspect-ratio wing and for Mach numbers at which shock waves from the wing-
body Juncture do not greatly influence the flow. For the configurstion of
the present report, these shock waves preclude the use of two-dimensional
data for Mach numbers greater than 0.85.

2. End effects limlt to some extent the applicsbility of airfoil
section data for sections in the Immediate vicinity of the root and tips.

3. For wing 1lift coefflcients above the maximum 1ift coefficient for
the yawed infinite-aspect-ratic wing, = labtersl flow in the boundary layer
oceurs, which relieves the tendency for the flow to separate and greatly
increases the lifting capacity of the inbosrd sections.

4, The distribution of loading along the span for the range of Mach
numbers investigated may be predicted with good accuracy for 1ift coeffi-
clents not exceeding the maximum 1ift coefficient for the yawed Infinite-

aspect~ratio wing.

Ames Aeronsutical ILsborstory
National Advisory Comittee for Aeronautics
Moffett Fileld, Calif., Mar. 8§, 1955
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APPENDIX A

CALCULATION OF EFFECT OF WING-BODY INTERFERENCE

ON THE SPAN LOAD DISTRIBUTION

The effect of the interference between the wing and body on the aspan
load distribution may be calculated to a filrst approximation by treating
Independently the effect of the body on the wing loading by the method of
reference 18, and the effect of the wing-body combination on the loading
over the center section of the wing by the method of Lennertz (ref. 19).

The body is considered to he replaced by an infinltely long cylinder
having a radlus equal to the average body radius at the wlng-body Jjuncture.
Increments of loading due to the upwash induced by the body along the wing
span are calculated by a modified Falkner method (see ref., 18). Values
for these increments, which asre additive to the loading coefficlents for
the wing alone, ere shown in figure 12 where the loading increment is
represented by the term CAczmc)/(Cav). The corresponding increment in

wing lift-curve slope (AGLm) is 0.0043 (from mechanicsl integration of
fig, 12).

In caleulating the loading over the portion of the wing covered by
the body by the method of Lemnertz, a uniform distribution of 1ift across
the span 1ls assumed, The ratio of the 1ift coefficients for the sectlons
within the body S to that for the uniformly loaded sections 1, is

given (for the case of coplanar wing and body axes) by the expreesion

-c < <o (AL)

C1p lan..l: b1 - @) JB - 2 ]

1+ 0% - 262 - k(c® - 72)

where the symbol ¢ represents the ratlo of the average body radius to
the wing semispan. For the present model ¢ 1s approximately equal to
0.081, and the ratio of 1lift coefficient at the wing center section

(g = 0) becomes

%
— = 0.900 (a2)
Czu

PO e
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The lift~curve slope of the wing corrected for interference effects
is related to that for the wing slone by the relation

(s
KCI“ |+ o.ools3:l

= 0.993 (a3)

=1 - o

Vhere subscripts W and W+I designate, respectively, values for the wing
alone and the wing-plus-interference effects. The right side of the above
expression was obtained by integration of equation (Al) over the region

of the wing enclosed in the body and the assumption of a uniform load over
the remainder of the span. The value 0.0043 appesring in the denominator
on the left side of the above expression is the increment of lift-curve
slope due to the effect of the upwash of the body on the wing.

The span load distributlon corrected for Interference effects may

then be written in terms of the corresponding quantitlies for the wing
alone as follows:

() - (1), (o ( cav>

CLCa.v W+T (CLG_'> cav <CIG'>
W+I W+L

(&) _ 0.900 <Cla>w <cczcv>w+ <Az:3c>

for 5 =0 (45)
<%>W+I w (cl‘x)wx

For purposes of this analysis, the loading carried by the fuselage fore
and aft of the wing-root region has been ignored.

n1#0 (ak)
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APPENDIX B

CALCULATION (OF EFFECT OF ELASTIC DEFORMATION ON
THE SPAN I.OAD DISTRIBUTION
It is assumed that the wilng is deformed by bending only (the tor-
sional stiffness of the wing belng relatively large), and that the ratio
of bending moment to moment of Inertla of any wing sectlon is nearly con-
stant across the span. The deflectlion curve is then parabolic and the

twist varies linearly across the span (see ref. 20).

Ag shown in reference 20, the change in angle of attack of any stream=~
wilse section due to the wing loading is given by

e=—tanAf (Bl)

where

€ change in locel angle of attack due to aercelasticity

Mt bending moment at any point on the flexural axis

I moment of inertia of any section normal to the flexural axls
E modulus of elasticity of wing meterlial

Ap sweep angle of flexural axls

v gpanwise dilstance perpendiculer to wing root section - -

t
The term %T (assumed to be a constant), when calculated for the root

section, gives S . . o =

1o s
w Mt 3 950

— = = (B2)
ET EIy EIrcos Ap

where -
Mp* bending moment at root section

Ir moment of inertia of root section _ -
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o] dynamic pressure

S wing area

¥ perpendicular distence from wing root sectlon to spanwise center of
loading
Substituting equation (B2) in (Bl) and replacing %-and % by 7 and 7
glves
S
a3 Crfis®ten Ap (53)
€ = B
EIwcos Af 1 3
For the wing of the present investigation
S = 2.02 £ft2
8 = 1L.667 £t
EIy = 25,100 1b=-ft® (from static load tests)
7 = 0.462 (from ref. 11)
tan Af = 0.9657
cos Ay = 0.T7193
Thus equatlon (B3) becomes
.96
£ =3 g (deq) (Bk)

CL 1000

where q 3is in pounds per square foot.

The effect of bending on the span load distribution of the wing
(corrected for interference effects, Appendix A) may be determined by
considering the change in loading due to elastic twist as a basic~type
losding (ref.1l) to be superimposed on the additionsl loading for the

rigid wing. Thus,
c;e cie ey €
<chav> <cha ) <€tcav (B5)

vwhere (czbc)/(EtCaV) represents the basic load distribution per unit twist,
and ¢€; the twlst of tip section (q = 1) mean line relative to wing root.
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Subscripts E and R refer to the elastic and rigld wing values, respec-
tively. Substitution for e;/C; from equation (B&) allows equation (135)
to be written

-G -

Crce T.Cav “Tooo Y e e’
CLCa

The terms-(czbc)/(etcav) and [(Czc)/(CLCav)]R may be obtained from ref-

erence 1] for the particular wing plan form and assumed twlst distribu-~
tion (wing~body interference effects neglected). Values of these para-
meters for the present model are listed in the followlng table:

Czbc
<czc> (czb ) 3.96 (E'bcav)
Creav/g

1Ca €gCav, 1000 4 cqc
<§Lca€>R

o} 1.045 -0.0168| 1 + 0.0637 éq/lOOO)
1) 1.062 -.0155| 1 + .0578 (g/1000)
.2 | 1.100 -.0123| 1 + .ouk43 (q/1000)
A | 1.133 -.0035| 1 + .0122 (q/1000)
.6 | 1.090 L0060} 1 - .0218 (g/1000)
.8 .925 L0129} 1 -~ .0552 (g/1000)
.95 .s540 L0115} 1 - .0843 (q/1000)

1.0] 0 0 1

The effect of elassatic deformation on the ratlo of wing~sectlon angle of
attack to body angle of attack at variocus Mach numbers and on the span
load distributlion at a Mach number of 0,95 is shown in figure 13.

The over-all reduction in lift-curve slope due to bending may be

calculated in terms of the lift-curve slope of the rigid wing, and the
change in angle of attack of the root section due to twist. Thus,

ORI
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or

CORICONC @

Where

a angle of attack of root-section mean line for elastic wing corres-
ponding to (CL)E

fa's s zero=~1lift angle of attack of the root-section mean Jine for the twist
distribution corresponding to (CL)E

The term Ax 1is determined by the method of reference 11 in terms of
root-section angle of attack per umit of twlst correspcnding to the basic=

type loading; that is,
A = =0y €t

where or, 1s the angle of attack of the root-sectlon meen line per unit
of twist end ¢ is obtained fram equation (B%). Hence,

.96
A‘I=crro-%gsq_ CIO’-)R (e - )

. 3.96 (C )
- *o Tooo T\ L=
(o3

* %, 155 QQ‘%)

or

Substitution of this equation in equation (BT) gives

(i

3.96
* %o 7500 (?L%)R

where for the 45° swept wing ar, = 0.385 degree per degree (ref. 11).
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TABLE I.~ INDEX OF TABULATED PRESSURE COEFFICIENTS

Table no. M o Trange

II | 0.50 | -1.18° to 19.82°

IIT .70 | -1.22° to 15.16°

v .75 | -1.24° to 13.15°

v .80 | -1.13° to 9.98°

VI .85 | -1.25° to 10.09°

VII .90 | -1.30° to 9.15°
VIII .95 | -1.27° to 9.19°

NACA RM A55CC8
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TABTE IT.- PRESSURE COEFFICIENTS AT SIX SPANWISE STATIONS; M = 0.50
(a) o = -1.18° to 9.46°

Per- surface
1 cexnt of
ohord [-L.18] 0.89] 2.01] 3.35] k.20] 5.2 -29] T.33] B.Ma] .58 | -1.18] 0.89] 2.04]
5.58 0.03] 0.02] 0 |-0.02[~0.02}-0.03)-0.04]-0.06]-0.08]-0.09 ] © o.01} 0.03
266 |-eccfree]mralmmnr e e ] e e|e e o] -l - =] -.03] -0z .02
37.2 .01} -.05] ~.06] ~.08| -.10| -.12| -.1k| -.18] -.20] 23] -.05] -. 02|
KT | =e02] =06] =e0T| =09| =el2| =13} ~.16] ~.20| ~e22| =25 | =.06] =-.0M ©
=8.2 | -.03] -.07| -.10] -.13] -.2h]| ~.15] =17} -.22] ~.23] ~.26] -.08] -.06] -.0p
68.8 | -.03| ~.08} ~.09] 13| -1k -.18 -.16] -.20{ -.21] -85 | ~.09] -.06] -.0k
0 T9e3 | =05| =.07| =09 =.28} =.13] =14 -.15] -.19| =20} -.23| -.08| -.06] -.03
89,3 |m = o] v o|= r o= m |- e mfe e o]m == a]e =2l - =} 07! -.06] -.03
1060.2 | -.03} -.06] -.07| -.09 -.06] - -.03
110.9 |» = =[= = =] v == = = .05 - =02
121.3 | -.01 -.03| -.03 -.og -.02] -.03] -.01]
1478 021 =027 =01 -0k ==ele==l===
178.0 | 0 =02 -.01| -.08 01| WoL| .02
[} W3k WML W36] 2k
1.25] .09] «.15| =37 =59
2.5 06] -1k -.g -
E 01| -o13] ~2h| -3k
10 -.05| -.1h) =.28| ~.29
20 =0T =e15| =19{ =e25
o.aua LY O i Eni
=Jdef -.27] -.20] -a23 L] R
0 =13 =e1T| =18 =22 =IT] ~o15[ =22
& .20 -.1k] -,15| -.17 =.15| =-.12| -.10
0 -.06| -.10] =08 -1 - 10| ~.06
8a -.02{ -.03] ~ .oi -.05 -.0k| -.ok| -.03
90 0z2] .02 -3 02| .01 .02
o] 37| JEL| .2k| oM B e e I B e ER R e e ] el
.28} .16| ~.12| =57 -.6Gh B T i it e et it it EIEE] EAEA
2.5 O8] =19 =.38| ~. -26] =02] a2 2% 32| 37| 2] k2] ] 8
5 ~.03] ~.18] ~.33| =47 -.22| -.05| .os| .16] 22| 21| .32]| - - .
- 10 =06} ~.17} =.26{ =35 -.20| -.07| .01} .08{ .13] .18] .e3] =53] .29 .33
- I D e e G ~20]| ~.12{ .05 .01| .05 .08] 31| k| .18] .28
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TABLE II.~ PRESSURE COEFFICIENTS AT SIX SPANWISE STATIONS; M = 0.50
(b) @ = 10.50° to 19.82°
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III.- PRESSURE COEFFICIENTS AT SIX SPANWISE STATIONS; M = 0.70
(2) @ = -1.22° to 9.84°
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TABLE IIT.- PRESSURE

NACA RM A55C08

COEFFICIENTS AT SIX SPANWISE STATIONS; M = 0.70
= 10.91° to 15.16°
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TABLE IV.- PRESSURE COEFFICIENTS AT STX SPANWISE STATIONS; M = 0.75
(a) a = -1.24° to 8.81°
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TABIE IV.- PRESSURE COEFFICIENTS AT SIX SPANWISE STATIONS; M = 0.75
(b) @ = 9.92° to 13.15°
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TABLE VI.~- PRESSURE COEFFICIENTS AT SIX SPANWISE STATIONS; M = 0.85
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TABIE VII.- PRESSURE COEFFICIENTS AT SIX SPANWISE STATIONS; M = 0.90
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TABLE VIII.- PRESSURE COEFFICIENTS AT SIX SPANWISE STATIONS; M = 0.95
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Figure /- Dimensions of ihe model and localions of Ihe pressure orifices.
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A-16440

Figure 2.- Model mounted in the Ames 16-foot high-speed wind tunnel.
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Wing-body functure

40 L06
Expariment
——oc—— Finfle wing
—————— lnfinite wing
Theory
————— nfinite wing
201

20 40 60 8o /o0

Pesrcent chord o
{a) G,= 0803 (a=3.26")

Figwe 4.—Comparisons of axperimentol pressurs disiributions for five semispan stations
with those for the NACA 64A40I0 ssction yawed 45° as derived from two-dimensional

data and theory, plus experimentd upper-surfoce isobars;, M* Qro.
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Figure 4—Continusd.
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Figwra 6 —Comparisons of experimental pressure distributions For five semispon stations
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(b} G, = 0339 (a=4607
Fiigure 6~Conlimued.
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